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Abstract 
Reservoir stimulation by means of hydraulic fracturing has enhanced the production of hydrocarbons from shale. The latest 
methods concentrate on reducing the detrimental interference between fractures within the same well. The theory behind this is 
well understood, however the concept of constructive interference between fractures in adjacent wells is not so developed. 
                In this paper, contemporary hydraulic fracturing techniques are numerically simulated to analyze both the rock and 
fluid mechanic effects on the generation of fractures within a reservoir. The techniques involve various geometrical patterns of 
well and fracture spacing, followed by methods of sequencing the different stages of stimulation. These methods aim to reduce 
the compressive stress normal to fractures and increase the size of tensile regions between fractures in adjacent wells. To 
measure the performance of different methods, the simulated microseismic energy released is used to calculate the stimulated 
rock volume (SRV). Production profiles have been generated for several key hydraulic fracturing scenarios and economic 
forecasting has been performed, with the results predominantly showing an optimum well spacing to exist.  
 
Introduction  
Hydrocarbon production from shale has gained attention across the globe as the economics of development have become more 
favourable. Economic production from such ultra-low permeability reservoirs requires the reservoir to be stimulated, most 
commonly by means of hydraulic fracturing. Only the stimulated volume can contribute to production, as the matrix flow is 
virtually zero. The hydraulic fracture stimulation technique was introduced to the industry by Clark (1948). The twenty-first 
century has seen innovations arise from this original technique, with nowadays a widespread application of massive multistage 
hydraulic fracturing treatments taking place. 
In the last decade, typical exploitation of hydrocarbons from shale has involved drilling parallel horizontal wells in 
close proximity to one another and then fracturing multiple times. Well production is influenced by numerous factors, 
including the distance between parallel wells, the spacing between successive fracture clusters, and the sequence of stimulation 
along the wellbore. These were first investigated by Mayerhofer et al. (2008), whereby the well and fracture placement was 
linked to the Stimulated Reservoir Volume (SRV). Typically, minimising fracture spacing gives the most favourable 
economics (Cipolla et al. 2009); however, geomechanical constraints limit the minimum fracture spacing.  The stress 
perturbations around an opening fracture lead to an increase in compressive stress normal to the fracture, and an increase in 
tensile stress at the fracture tips (Soliman et al. 1997).   
The dimensions and geometry of hydraulic fractures can be influenced by these changes in stress (Cheng 2009), 
which are commonly known as “stress shadows” (Fisher 2004). Microseismic analysis found the optimal cluster spacing to be 
1.5 times the fracture height, which results in advantageous fracture interference (Fisher 2004). The closure stress is greatly 
influenced by fracture height, because fracture height is a smaller dimension than length, and closure stress is inversely 
proportional to fracture spacing (Warpinski 1989). Experimental and field studies have shown sufficient fracture cluster 
spacing will prevent interlinking of fractures and allow fracture growth (Yew et al. 1989, Ketter 2008). Few studies have 
delved into the effects of well spacing and the well azimuth – and therefore these factors are not well understood. This study 
investigates the geomechanical effects of placing wells at different distances apart. 
Optimizing stimulation often involves using pad completion techniques. These are designed to maximise the size of 
the fracture network formed, and minimise the time to first oil. Various techniques exist, including the ‘simultaneous’, 
‘zipper’, ‘modified-zipper’, and ‘alternate’ (Soliman 2012, Roussel and Sharma 2011). Adjusting the sequence of stimulation 
events in parallel wells can lead to more complex fracture networks (Mutalik and Gibson 2008; Waters et al. 2009).  
Hydraulic fracture treatments induce a cloud of microseismic events in the vicinity of each fracture. Analysing logs of 
these events can produce maps of the stimulated natural fractures (Albright and Pearson 1982, Cassell et al. 1992). These 
results can help determine the effect of each stimulation treatment, and ultimately aid production forecasts. 
While some methods presented use microseismic measurements as the indicator for final production, the challenge 
lies in accurately predicting production rates. Mayerhofer et al. (2006) showed how microseismic fracture mapping and 
numerical production modelling could be linked. The method used in this paper is comparable, as it creates a permeable 
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discrete fracture network within the reservoir model and simulates Darcy and non-Darcy flow. Production simulation results 
can then be evaluated in an economic model to determine the profitability of a fracture stimulation treatment (Huffman et al. 
1996). Various stimulation scenarios are simulated in the study, and economic analysis is performed to reveal the optimum 
conditions for fracturing.  
 
Parametric study  
The key aim of this study is to determine: Do shale reservoirs have an optimum drilling and completion technique based on 
the geomechanical response to hydraulic fracturing? Built on numerical simulations, this study quantifies whether this may be 
true, and to what degree. This involves a parametric study of the effects of well and fracture spacing, and different multi-well 
completion techniques. 
Well spacing 
One of the greatest costs in field development is drilling wells. Drilling fewer wells can be achieved through increasing well 
spacing, but the aim is also to promote optimum hydrocarbon production. In shale reservoirs, the well arrangement typically 
involves parallel horizontal wells of 50-1000 meters apart, with some as close as 50m. The optimum well spacing in this study 
is defined as the well separation distance which results in the maximum Net Cash Flow in Year 1 of production. 
Fracture spacing 
The aim of hydraulic fracture stimulation is to increase the reservoir drainage area by creating a permeable fracture network. 
Production rates and ultimate recovery can be accelerated by closer spacing of the fracture clusters, although there is a point of 
diminishing returns by which point any additional cost of treatment exceeds the additional revenue from increased production.  
The optimum fracture cluster spacing in this study is defined as the spacing which results in the maximum Net Cash Flow 
(NCF) during the first year of production. This takes into account the incremental cost of including more clusters in the 
completion, and the additional recovery those fractures may give. The physical ability to propagate fractures (Waters et al. 
2009), can be loosely approximated from Hooke’s law. Equation 1 shows that stress will increase dramatically with decreasing 
fracture spacing. 
∆𝜎 = 𝐸𝑤/𝑏       Equation 1 
where ∆𝜎 is the change in normal stress, 𝐸 is the Young’s modulus, and 𝑤/𝑏 is the width divided by spacing of the hydraulic 
fractures. Appendix 3 shows how rock stiffness is a significant influence on the minimum fracture spacing. 
Fracture Pressure 
The net pressure is defined as the pressure in the fracture minus the in-situ normal stress. The determination of net fracture 
pressure is based on the properties of the rock to be fractured and the local lithology. In general, increasing fracture pressures 
will increase production as the fracture network will become more extensive and permeability will increase.  
Stage sequencing 
The in-situ stress state consists of three principal stresses; these are a function of depth and partly influenced by topography. 
Once a fracture is introduced, the local stress state changes – with compressive stress increasing normal to the fracture and 
tensile stress increasing at the fracture tips. During the process of fracturing, the wellbore and the area local to it are 
pressurised. If multiple fracture stages are carried out at the same time, the local stress changes around each fracture can 
influence each other. Therefore, it is important to plan the timing of each fracture stage. Figure 1 displays the order of 
stimulation treatments for different sequencing techniques. 
 
 
 
 
 
 
 
 
Methodology 
Development Geomechanical Models  
In order to study the geomechanical reaction of a shale reservoir to hydraulic fracture stimulation, a finite-element numerical 
simulator was used to calculate rock stresses, deformation and failure. A 44,000 cell geomechanical grid was formed for a 
synthetic shale field with a depth of between 1000-1200m. It consisted of two parallel horizontal oil wells, with multiple 
adjacent transverse hydraulic fractures. Pre-existing natural fractures were modelled and simulated as discontinuities.  
1’
’ 
1 2 3 4 5 1 4 2 5 3 
1 2 3 5 4 
1 3 5 7 9 
2 6 10 8 4 2’ 3’ 4’ 5’ 
Simultaneous Alternate Zipper 
Figure 1 – The stimulation order of the Simultaneous, Alternate, and Zipper techniques respectively. 
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The initial stress state was designed so that the wells were perpendicular to the maximum horizontal stress, leading to 
transversely oriented hydraulic fractures. The lithostatic stresses associated with the overburden, sideburden, and underburden 
were simulated using grid edge loads to decrease cell count and improve convergence. 
The geomechanical properties and boundary conditions such as Young’s modulus and anisotropy were then 
conditioned onto the grid. The final inputs were the discontinuities including the pre-existing natural fractures and hydraulic 
fractures. After the stresses and strains were simulated, the permeability and porosity were updated and used in the reservoir 
simulation.  
 
Figure 2 – Geomechanical model of the stress and microseismic events during stimulation. 
Figure 2 is a visualization of the compressive stresses and microseismic events surrounding open hydraulic fractures. For all 
the scenarios simulated, the same area of investigation is used and the key variables are well spacing and fracture spacing. 
 
Pre-existing natural fracture networks 
Historically, shale reservoirs have not been produced because of their ultra-low permeability (~10−9 Darcys). Recent 
developments in drilling and stimulation technology have enabled these reservoirs to be produced economically by creating 
permeable fracture networks. Fractures exist naturally in shale, and they are critical to production in certain plays such as the 
Barnett shale in Texas (Frantz et al. 2005). Artificial hydraulic fractures can interact with these networks to improve the 
connectivity of fractures and increase the volume of reservoir in contact with the wellbore. The attributes governing the 
hydraulic fractures’ effectiveness are natural fracture density, orientation in comparison to maximum horizontal stress and the 
fracture stiffness with respect to the intact rock.  
 
Figure 3 – The DFN and hydraulic fractures (left) and a stereographic projection of the DFN fractures (right).  
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Fracture Orientation, Aperture, Distribution, and Geometry 
Natural fracture orientation is defined by dip direction and dip angle. These attributes are mostly determined by the in situ 
stress conditions, as typically the fractures will form in the direction normal to minimum horizontal stress. There is a natural 
propensity for shear fractures to propagate normal to minimum horizontal stress in an anisotropic reservoir as there is less 
compressive stress to close them. 
Models such as the Fisher, Bingham, or Kent distributions can provide a match to the natural fracture orientation. The 
symmetric Fisher distribution is the most commonly used (Fisher et al. 1987), although for asymmetric data the more complex 
Bingham distribution provides a better fit (Priest 1993). The DFNs used throughout this project use the Fisher model. 
𝐹(𝛿) =
𝑘𝑒𝑘𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝛿
𝑒𝑘−𝑒−𝑘
(0 ≤ 𝛿 ≤ 𝜋)           Equation 2 
where 𝛿 is the angle between a fracture’s normal orientation and the Fisher mean pole,  𝐹(𝛿) is the probability density 
function of 𝛿, and k is the Fisher constant which defines the amount of dispersion. 
 
The fractures are distributed stochastically throughout the reservoir, and their geometry is defined by a power law. Figure 3 is 
a visualisation of the DFN around the well. The natural fracture lengths vary from 10-150m, but their mean is about half the 
hydraulic fracture length. They are oriented in the same plane as the maximum horizontal stress, and this assumes the fractures 
have been formed while the rock is in its current stress state. Details of the mechanical properties are in Appendix 7 
The stereonet in Figure 3 displays the dip and orientation of the fractures pre-stimulation. Here, black dots indicate 
fractures that are both critically stressed and optimally oriented for frictional failure. There is a general trend that, as the dip 
angle decreases, fractures become more critically stressed. The DFN has been designed to incorporate a group of critically 
stressed fractures as they are more sensitive to changes in the stimulation treatment. 
 
Modelling the Hydraulic Fractures 
Hydraulic fractures are explicitly modelled with the following inputs: location along a wellbore, geometry, orientation, and 
timing of initiation. The cells that are intersected by the hydraulic fracture are simulated as experiencing elastic deformation 
with a significantly decreased Young’s modulus. The Young’s modulus is calibrated to the aperture size when stimulated (in 
this case it is approximately 0.01GPa). The result of this low Young’s modulus is it enables the model to mimic the fracture 
opening due to a high pressure which is applied during the stimulation phase. Once that the pressure is reduced, the Young’s 
modulus of the original intact rock is applied, resulting in partial closure. The partial closure is representative of the effect of 
proppant which would be injected into the well. Figure 3 displays a visualisation of the hydraulic fractures along the wellbores. 
The aim of this modelling technique is to capture the stress perturbation around an opening hydraulic fracture and the estimate 
the dry microseismic events that result from the change in stress. 
The effect of the hydraulic and natural fractures on the intact rock can be seen in Figure 4. The compressive stress normal to 
the fracture face increases above the initial in-situ stress by an amount equal to the net pressure applied, this decreases with 
distance from the fracture. When discontinuities are present, there are small stress perturbations around the natural fractures.  
 
Limitations: Modelling hydraulic fractures in this way has deficiencies when compared to realistic fracture geometry. Using a 
strip of cells to represent the fracture assumes that the fracture is as wide as the cells. With the grid dimension of this model 
the fracture is unrealistically wide, which can be corrected using a logarithmically refined grid (as used for simulating the 
differences caused by fracture pressure). On the other hand, using refined grids would require different grids to be used for 
each well and fracture spacing case, introducing inconsistencies caused by grid effects. The fracture propagation is not 
simulated, so the geometry of each fracture is predefined and homogeneous. While the propagation of fractures is not 
important for the purpose of this study, the stress perturbation will be affected by the shape of the fracture tips. Figure 4 shows 
the flat fracture tips, which in reality are much narrower than the main body of the fracture and have a radius at the tip.  
 
 
Figure 4 – The stress normal to the wellbore around a hydraulic fracture, for homogeneous and fractured reservoirs. 
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Induced seismicity 
Microseismic monitoring is the industry standard technique for finding the hypocentre location and magnitude of events 
induced by hydraulic fracture stimulation. Once the events are mapped, one can estimate fracture geometry (including 
azimuth, and half-length). The events being recorded are ‘Microseisms’, which are low magnitude earthquakes caused by the 
alterations in stress and pore pressure associated with hydraulic fracturing (typically events range between -4 to -2 moment 
magnitude scale, however some can be up to 7). Microseisms occur when there is sudden shear-slippage along fractures and 
faults (Albright and Pearson 1982). A number of events can be slow shear-slip and are referred to as aseismic (McClure 2012). 
This study models the microseismic events by simulating the stresses and strains on each fracture within the synthetic 
Discrete Fracture Network (DFN). The Microseismic Event Prediction (MEP) algorithm maps events based on failure status, 
captured through plastic strains. Any cell containing a fracture that has experienced plastic strain will have a microseismic 
event at the cell centre. The plastic strain is then used to calculate the magnitude of each event. The method it uses is 
conceptually similar to finding the difference between an elastic and plastic stress. Figure 5 displays the difference between 
elastic and plastic simulations - in elastic simulations, the Mohr Coloumb circle can exceed the yield limit, however, this is not 
the case in plastic. Conceptually, MEP will find the difference between elastic and plastic. The elasto-plastic Mohr Coulomb 
failure criterion was used for the DFN; this was defined by cohesion and friction angle, as shown in Equation 4: 
𝜏 = 𝑐 + σtan ∅       Equation 4 
where 𝜏 is the absolute shear stress acting on the fracture plane, 𝑐 is the cohesive strength, σ is the normal stress acting on the 
fracture plane, and ∅ is the internal friction angle. After stimulation the effective permeability of the fracture set will change as 
the apertures of the fractures and their connectivity increases. (The cohesive strength is 0.1bar, while the internal friction angle 
is 25 degrees). 
 
 
Figure 5 – Shear vs. normal stress for Elastic (left) and Plastic (right) simulations of the fracture network.  
 
Estimation can be made with the Moment Tensor:  
𝑀𝑖𝑗 = ∫ ∆𝜎𝑖𝑗𝑑
3𝑟
𝑉
= ∫ 𝑆𝑖𝑗∆𝜖𝑖𝑗
𝑝𝑑3𝑟
𝑉
 ≈ ∆𝜎𝑖𝑗𝑉𝐶 ≈ 𝑆𝑖𝑗∆𝜖𝑖𝑗
𝑝𝑉𝐶                                           Equation 5 
The Moment Tensor (𝑀𝑖𝑗) is equal to, the change in stress over a given time within a specified Characteristic Volume (𝑉𝐶), 
where the change in stress is equal to the change in strain (∆𝜖𝑖𝑗
𝑝 ) multiplied by the Stiffness Matrix (𝑆𝑖𝑗). This is a useful 
estimation for the magnitude of a microseismic event. However, there are two assumptions which must be considered. Firstly, 
the parameters such as Young’s modulus and Poisson’s ratio are for elastic rather than plastic deformation. Secondly, the 
moment tensor does not account for changes in dilation angle. 
The actual magnitude of the microseismic events is given by the Moment Magnitude 𝑀𝑤 (Hanks and Kanamori 
1979). The Moment Magnitude is detailed in Equation 6: 
𝑀𝑤 =
2
3
log10(𝑀𝑜) − 10.7                                                                     Equation 6       
Where the Seismic Moment is given by 𝑀𝑜 = (
1
2
∑ 𝜆𝑖
2
𝑖 )
1
2⁄
 , and  𝜆𝑖   is the eigenvalue of 𝑀𝑖𝑗 . The Moment Magnitude is then 
related to microseismic energy by Equation 7 (Choy and Boatwright):  
 
𝐸𝑠 = 𝑀𝑜 × 1.6 × 10
−5             Equation 7 
Where 𝐸𝑠 is the Radiated Microseismic Energy. 
Since Moment Magnitude was introduced, Maxwell et al. (2006) have proposed a concept that could in future be used 
to characterize fracture density. The focus of this approach is finding the seismic moments and relating these to the source of 
the mechanical deformations that result in microseisms. 
 
6  Optimization of hydraulic fracture stimulation in field development 
 
Limitations: During stimulation, no fluids flow out of the cells representing the hydraulic fracture. Therefore, all events 
simulated with fracture modelling methods above are referred to as ‘Dry events’. These are caused purely through the stress 
perturbation around the hydraulic fractures. In practise microseismic events can be caused by fluid percolation from the main 
hydraulic fracture called ‘Leakoff’. So the stress used in microseismic calculations is given by Equation 8: 
𝜎𝑒𝑓𝑓
𝑁 = 𝜎𝑡𝑜𝑡
𝑁 − 𝑃𝑝𝑜𝑟𝑒      Equation 8 
Where 𝜎𝑒𝑓𝑓
𝑁  and 𝜎𝑡𝑜𝑡
𝑁  are the effective and total stress on the natural fractures respectively. The Pore Pressure 𝑃𝑝𝑜𝑟𝑒 is kept 
constant throughout the simulations as there is no fluid flow. It is worth nothing that aseismic events are not accounted for by 
these methods – however, for the purpose of this investigation, measuring aseismic events in unnecessary. 
 
Evaluating recovery potential 
By design, the hydraulic fracturing stimulation method aims at increasing productivity of the reservoir. It achieves this by 
expanding the contact area with the well and improving transmissivity through fractures. 
Stimulated Rock Volume  
There is consensus that microseismic events are mostly created as a result of shear slippage along natural fractures [Albright 
and Pearson |1982|, Mahrer |1993|, Warpinski et al. |2001|, Rutledge et al. |2003|, Zoback |2012|]. Both altered stresses near the 
tip of fractures as well as leakoff-induced pore pressure changes can cause shear slippage. Leakoff is not simulated in this 
study so, by accepting that failure is caused by the stress perturbations, the SRV can be defined as the areal extent of the 
microseismic cloud of events (Mayerhofer 2006). However, the actual volumetric calculation is based on plastic strains within 
these event locations, as the energy released in microseismic events may not always be exclusively related to volume. The 
SRV may also show volumes of the reservoir that are stimulated but not in connection to other parts of the reservoir or 
wellbore. This procedure not only useful for forecasting producible volumes, but also for the prediction of fluid volumes 
required during treatment. 
Strain-dependant fracture permeability 
Originating from Boussinesq’s fluid flow study in 1868, research has shown that fracture permeability increases with shear 
displacement across a fracture. The increase has been argued to be the result of various phenomena such as the separation of 
fracture surfaces in shear displacement (Yeo et al. 1998), or by the grinding between adjacent fracture surfaces known as 
brecciation (Dholakia et al. 1998). Both have their merits as increasing the fracture aperture and decreasing the asperity height 
is proven to increase transmissibility of fluid through fractures (Lomize 1951).  
Barton et al. (1995) hypothesised that discontinuities which are stressed to a point close to the yield criterion are 
hydraulically conductive and those that are far from the yield criterion are impermeable. This was termed the ‘critically 
stressed fault’ hypothesis. It means that any fault or fracture should be permeable if it has a ratio of shear to normal friction 
greater than the coefficient of sliding friction. The natural fractures in this study are set up to be at a point of critical stress. 
This was achieved by ensuring their ratio of shear to normal stress is close to the yield point under conditions of lithostatic 
pressure. During hydraulic fracturing, the effective normal stress in the natural fractures reduces, leading to enhanced 
permeability through shear slipping. Furthermore, at high pore pressures caused by leakoff, even those pre-existing natural 
fractures oriented away from the hydraulic fractures can experience shear slippage (Johri et al. 2013). 
In order to simulate production, the porosity and permeability need to be updated post-stimulation. Updating the 
porosity is a simple case of upscaling the new fracture volumes into the grid cells. Permeability requires some calculation, 
using the updated apertures. The software uses an algorithm based on cubic law - a validated method of finding the 
transmissivity in fractured rock. 
Witherspoon et al. (1980) found that permeability was defined by fracture aperture and was independent of stress 
history. It was also determined that deviations from parallel fracture surfaces caused an apparent reduction in flow. There were 
also effects caused by asperity height. Both these complexities are not considered in this study because the fractures are 
modelled as parallel and smooth. The hydraulic conductivity of the fractures is given by the ‘Cubic Law’: 
𝐾𝑓 = (2𝑎)
2𝜌𝑔/12𝜇      Equation 9 
where 𝐾𝑓 is the Fracture Permeability (mD), 2𝑎 is the aperture width (m), 𝜌 is the fluid density (kg/m
3), 𝑔 is acceleration of 
gravity (m/s2), and 𝜇 is fluid viscosity (Ns/m2). 
Economic analysis 
The final objective function of any field development strategy is the economic production of hydrocarbons. In this case, the 
final component of the optimization workflow is to assess the Net Cash Flow (NCF) of various scenarios. Certain simulation 
cases were selected for economic analysis within a cash flow model - based on typical drilling and completions costs for the 
Eagle Ford shale (Schlumberger Smith Bits STATS 2011).  Appendix 6 displays the economic forecasts for cases involving 
different fracture and well spacing and by using both the simultaneous and zipper fracturing techniques. 
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Results and Discussion 
The objective of this section is to describe the effects of varying the parameters listed in the initial sections. Following the 
workflow from the previous chapter, the results will culminate with an analysis of the objective function (NCF). 
   
Figure 6 – Direction of minimum horizontal stress for in-situ conditions, first stage and second stage fractures respectively.  
As described in the introduction, the stress perturbation around hydraulic fractures causes rotations of the principal stress 
directions. The images in Figure 6 show a 2-stage sequential fracture treatment, and the stress shadow effect is obvious when 
the minimum horizontal stress direction re-orientates. This is caused by the increase in compressive stress normal to the 
fracture surfaces. The highest magnitude of stress increase is next to the fracture, where it is equal to the in-situ minimum 
horizontal stress plus the net fracture pressure. The stress perturbation radiates around the local area of the fracture – especially 
so in the direction normal to the fracture surface, as shown in Figure 6. The magnitude of this perturbation decreases as 
distance from the fracture increases. 
 The stresses normal to the fracture surface are compressive but the stresses around the fracture tips are tensile. Figure 
6 shows the stress interference induced by opening two sequential stages of fractures in separate wells. Around the fracture 
tips the stress reorientation is cumulative, creating a large tensile region in which natural fractures can shear-slip.  
Horizontal wells in shale plays are fractured in multiple stages. The stress perturbation for each successive fracture 
along the wellbore is cumulative with previous fractures (Soliman and Adams 2004). Consequently, the stress reorientation 
increases with the number of fractures. The problem associated with this is, as normal stress increases, the successive fractures 
in the well may deviate when they propagate or be inhibited from propagating at all. Multi-well completion techniques can 
theoretically reduce this effect, and these are explored later within this study. 
 
Impact of Fracture Pressure 
The two most relevant conditions for natural fracture shear to occur were summarized by Nagel et al. (2012). The first 
condition is when the fracture normal stress decreases with constant shear stress, friction coefficient and pore pressure. The 
second condition is when the fracture pore pressure increases with no change to normal or shear stress, or the friction 
coefficient.  
Stimulating with the first condition can be achieved through increasing compressive stress during hydraulic fracture 
stimulation. The stress perturbation around the hydraulic fractures leads to shear-slippage along the natural fractures. The 
results from a sensitivity study varying the net pressure is shown in Figure 7. Net pressure is defined to be the applied 
injection pressure minus the pore pressure. The study has a pressure range of between 0-250 bars with 50 bar increments.  
  
Figure 7 – Graph of injection pressure against microseismic energy released. 
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The x-axis intercept with zero microseismic energy released shows the minimum fracture pressure required to induce 
microseismicity. Beyond 200 bar injection pressure, the gradient in microseismic energy released decreases, and this suggests 
that the number of additional stimulated fractures begins to decrease and the magnitude of their microseismic events reduces. 
 
Well and Fracture Spacing Results 
 
Figure 8 – For different fracture spacing, the areal extent of the microseismic events and their magnitudes. 
Production rates and ultimate recovery can be accelerated by closer spacing of the fracture stages, but there is uncertainty over 
whether the same applies to well spacing.  Geomechanical and production simulations were generated of various scenarios, 
enabling more rigorous observations to be made. Figure 8 displays the microseismic clouds generated when changing both 
well and cluster spacing. As cluster spacing reduces, the number of clusters increases. So the number of clusters for each 
cluster spacing scenario is 8, 14, and 26 for cluster spacing of 250m, 125m, and 62.5m respectively. 
Figure 9 shows the effect of changing and fracture spacing and well spacing on microseismic energy released. For 
well spacing of between 250-500m, the microseismic energy released has a positive gradient for each fracture spacing 
scenario. This is intuitive, because as the wells move further apart, they will have a larger volume of natural fractures to 
stimulate. However, as the well spacing extends past 500m, the energy released decreases. This is attributable to the lack of 
interference between hydraulic fractures, because when stimulating two parallel adjacent wells, the stress perturbations at the 
tips of each fracture can interact, as shown in Figure 6.   
The effect of fracture spacing is visualized in Figure 8 where the extent of the microseismic cloud increases with 
reduced fracture spacing. This trend is confirmed in Figure 9 – however, it shows that decreasing the fracture spacing does not 
lead to a linear increase in microseismic energy released.  
The graph of total microseismic energy released reveals the intrinsic link between well and fracture spacing. When 
the wells are far apart, there is less interference between the fractures in adjacent wells. This leads to a smaller effect in 
varying the fracture spacing. Conversely, at close well spacing there is a significant effect of varying the fracture spacing.  
 
 
Figure 9 – The results of varying well and fracture spacing with respect to the Energy Released. 
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Preliminary conclusions can be drawn from the previous results. The well spacing does have an optimum value, which is 
dictated by the magnitude of interactions between tensile regions around the fracture tips. It is clear that as more hydraulic 
fractures are added along the same length of wellbore, more of the reservoir is stimulated. Therefore, the fracture spacing 
should be reduced until the point of diminishing returns, where the cost of additional stimulation outweighs the added NCF. 
 
  
               Figure 10a – Stimulated Rock Volume on a grid.                              Figure 10b – Stimulated Rock Volume. 
The SRV in this case is found by identifying the cells containing fractures that have plastic strain (which is similar to the 
method of locating microseismic events). The 3D surface in Figure 10b illustrates how a peak forms between the well spacing 
of 400-550m and SRV increases with the number of hydraulic fractures. The results closely correlate with those from 
microseismic analysis. 
 Within a reservoir, stimulated fractures can exist outside the connected fracture network. This occurs when critically 
stressed fractures undergo shear-slippage far from the fracture network around the wellbore. These would normally be 
included in SRV measurement – however, they will not contribute to production. Figure 10a shows an area of stimulated rock 
which is not connected to any of the main hydraulic fractures. When production is simulated, this area will provide no flow to 
the wellbore. This raises the issue of whether SRV can be used as an indicator of the production potential of a well, or the 
effectiveness of hydraulic stimulation.  
Therefore, this gives rise to the interconnected SRV concept, where one can account for the disconnected volumes in 
simulation. If the SRV is simulated prior to stimulation, it is possible to identify the paths through the natural fracture network 
that fracturing fluids can percolate and then locate the stimulated areas not connected to the wellbore. This can assist in both 
trying to optimize the productivity of the well and reducing the construction costs. Prior to treatment, areas that may benefit 
from additional fracture pressure can be located. The volumes of fracturing fluid could be more accurately estimated, based on 
the interconnected SRV. 
 
Fracture Sequencing 
The following scenarios are of two parallel wellbores stimulated in 3 different sequences. The objective of using these 
techniques is to maximize stimulated reservoir volume between the laterals as a result of slipping more fractures by increasing 
local stresses around them. Field data from the Barnett shale suggests that fracture sequencing is beneficial, although no 
numerical studies have validated this or shown why it may be the case (Roussel and Sharma 2010) 
In this study, an analysis of well and fracture spacing was carried out using the conventional ‘simultaneous’ 
technique. This is where pairs of companion wells are hydraulically fractured at the same location along the wellbore, at the 
same time. Other techniques of completion include the ‘zipper’, ‘modified-zipper’, and ‘alternate’ stage fracture design.  
   
Figure 11 – Diagrams of Simultaneous, Zipper, Modified Zipper, and Alternate fracturing techniques respectively (Nagel et al. 2013) 
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Simultaneous fracturing: The simultaneous fracturing technique is used as a reference case. Fracturing is carried out 
simultaneously in each well, with the aim of causing interference between the tensile stress regions around the fracture tip. The 
idea is to create a region between the fractures where the stresses re-orientate, in order to change the normal stress on the pre-
existing natural fractures. This leads to shear-slippage along the fractures and results in a microseismic event. 
Alternate fracturing: Fractures could be placed closer together if the stimulation sequence down a wellbore followed 
the order of: 1-3-2-5-4 (East et al. 2010). However, this method of increasing the drainage area is not yet possible with current 
downhole tools. In theory, if technological advances allow it, the fractures can be placed much closer together in the future.  
Zipper fracturing: The zipper technique is commonly used in industry as it is a time efficient method of fracturing 
two adjacent wells. While a wireline crew plug and perforate one well, the fracturing crew will pump fluids into the adjacent 
well. They will switch over once each has finished their respective job. 
Modified Zipper fracturing: The modified zipper follows the same pattern of fracturing as the zipper, but with offset 
wells, as shown in Figure 11. 
 
The behaviour of the well under these techniques is dependent on the well and fracture spacings. Figure 13 shows that 
the disparity between the different techniques is greatest at a fracture spacing of 250m. However, each technique except for the 
modified zipper generated almost the same trends and magnitude. The modified zipper is an anomaly, as it goes against the 
usual trend. Figures 12a and 12b show the maximum horizontal stress (direction and  magnitude) for two fractures in a 
simultaneous fracture and modified zipper fracture. It is shown, for the 250m fracture spacing case, how the hydraulic 
fractures interact. Figure 12a shows the tensile region at the fracture tips forming a large region of stress re-orientation – and 
within this region, the normal stress on natural fractures will be significantly reduced and they are likely to undergo shear-
slippage. The tensile regions at each fracture tip in the modifed zipper do not interfere, as shown in Figure 12b.  
 
 
    
             Figure 12a – Interference between aligned fractures.                    Figure 12b – Interference between offset fractures. 
 
The scale of the variation between the cases in Figure 14 is minimal, which is consistent with most previous analysis in earlier 
studies. Each of the cases follows the trend in well spacing, which confirms that optimised well spacings may exist for multi-
well fracturing techniques. The zipper and alternate techniques show no marked improvement in Figure 15 when the closest 
fracture spacing is adopted. However the modified zipper technique appears to have approximately 20 percent additional 
energy released at the closest well spacing and fracture spacing. This is most likely attributable to the close proximity between 
the fractures in adjacent wells. Stress maps showed the tensile region has combined in a similar way to aligned fractures. 
However, this interference region begins to encroach onto the tensile regions of  fractures within the same well. 
This analysis showed that: 
 Multi-well fracture sequencing techniques  can be used with an optimised well and fracture spacing. 
 The modified zipper fracturing technique can be advantageous at very close well and fracture spacings. 
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Figure 13 – Multi-well completion technique compared for 250m Fracture spacing.  
 
Figure 14 – Multi-well completion technique compared for 125m Fracture spacing. 
 
Figure 15 – Multi-well completion technique compared for 62.5m Fracture spacing. 
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Fracture Permeability 
As described in the introduction, the natural fracture network can have higher permeability after stimulation. Updated fracture 
permeabilities have been simulated in an idealistic way, therefore the deficiencies should be taken into account. However, the 
results give a good indication of the increase in transmissibility of fluids through the fracture network. 
Figure 16 shows the ideal opening of fracture surfaces during shear slippage. The simulation assumes that no asperities exist 
in on the fracture surfaces and that both faces are parallel plates. 
 
 
 
 
 
 
 
 
The models described in the section above were then evaluated for production rates. The vertical and horizontal permeabilities 
were assumed to be in the nanoDarcy (nD) range, which is commonly seen in the Bakken shale. Pre-stimulation flow rates 
were extremely low because of the lack of permeable fractures that are hydraulically connected to the well, and the low matrix 
permeability.  
 
Figure 17 – Permeability distributions pre and post stimulation case respectively. 
In-situ fracture permeability is generally low as the pre-existing fracture network may not be well connected and the fractures 
themselves not dilated. Figure 17 shows the fracture permeability pre-stimulation – most of the fractures have high 
permeability; while some are near zero permeability as they are closed. Although many have high permeability, when 
combined with the nanoDarcy scale matrix rock, the system will have very little flow. Figure 18 confirms this as the largest 
proportion of the grid permeability was between 0-40 mD. 
 
 
Figure 18 - Permeability distribution after upscaling. 
Limitation: The method of calculating updated permeabilities is highly idealised. Appendix 5 explains the theory of how 
permeability changes with strain. Precisely modeling the changes in permeability is almost impossible because of the wide 
scale of heterogenity in the fractures. However, using experimental data, one could generate a correlation of permeability for 
different strains as shown in Appendix 5. 
Figure 16 – Idealized fracture surfaces opening during shear slippage. 
 
Before slip After slip 
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Production Forecasts 
 
          
         
    Figure 19a – Production profile for unstimulated fractures.            Figure 19b – Production profile for stimulated fractures. 
 
Production was forecast over the first one year period only as this represents the typical production life for hydraulically 
fractured wells in most shale plays (Waters et al. 2009). Figure 19a displays the production profile for an unstimulated 
reservoir. The results show that as the wells move further apart, the cumulative production increases. Conceptually this is 
makes sense, as the drainage areas of the wells will overlap less as they move further apart. On the other hand, Figure 19b 
shows the same scenarios post-stimulation. Here it is apparent that an optimal well spacing exists as the previous concept no 
longer applies. The results closely agree with those from microseismic, as the peak production is found around 500m spacing.  
 As one would expect, there are significant production gains from increasing the number of hydraulic fractures in the 
reservoir. Figure 20 displays three production profiles with constant well spacing and different fracture spacing. It shows as 
fracture spacing becomes closer, the produceable volumes increase. The characteristics of the graph show that with closer 
fractures the permeability is increased, because the initial rates are greater. However the most significant improvement is seen 
in the total stimulated volume, where as fractures become closer more area within the reservoir are accessed. 
 
Limitation: While the production model is a good indicator of the differences between cases, it should not be taken as an 
accurate forecast of the reservoir’s production behaviour. The reservoir simulations in this study use Darcy’s law to model the 
fluid flow where in reality, fluid flow through fractures does not obey the Darcy flow equation.  
 
 
   
 
Figure 20a – Cumulative oil production for changing fracture spacing.          Figure 20b – Oil production flow rates for Figure 20a. 
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Economic results 
The production results have shown that hydraulic fracture stimulation can lead to accelerated production and increasing total 
drainage. It is important to investigate which cases are the most economically favourable. This can be resolved by considering 
the Net Cash Flow generated by each case within its first year of production and the cost of the treatment. Similar studies by 
(Huffman 1996, Marongi-Porcu and Economides 2008) have used Net Present Value (NPV) as the criterion for determining 
the best economic cases. Considering the duration of production for the cases in this study, using NPV has little utility as costs 
cannot be discounted in this timeframe. Instead, this study plots the net cash flow during the production period with the capital 
expenditure. 
 The economic evaluation of hydraulic fracture treatments must consider various components, including drilling costs, 
treatment costs, and the rate of production. Appendix 6 shows a table of typical well construction and treatment costs that 
were used for this analysis. The colour shading represents how attractive a case is, with the green being high cash flow and 
low Capital Expenditure (CAPEX). The red area is the opposite, with low cash flow and high CAPEX.   
 
 
Figure 21 – Economic evaluation of different fracture sequencing cases in the study. 
 The key costs in capital expenditure include the time taken to treat a well, and the number of crews required to carry 
out the treatment. The time taken is a factor of how many fracture stages are required in the treatment, while the number of 
fracture crews is dependent on the fracture sequencing technique. All cases assume the completion technique used is wireline 
plug and perforate, followed by the pumping of fracturing fluids downhole. 
 Figure 21 shows that the zipper fracturing technique is more preferable to the simultaneous option. The reason for 
this is the huge additional cost of having two wireline and fracturing crews working on both wells and being on standby whilst 
the other team is working. The zipper fracture enables just one wireline and fracture crew to treat the wells, as they swap over 
after performing their respective jobs. The optimum scenario for highest cash flow with minimum risk is the zipper fracture for 
250m fracture spacing. However the zipper fracture for 62m fracture spacing has a higher cash flow, but carries more risk as 
the capital expenditure is higher. 
 
  
 Figure 22 – Economic evaluation of different fracture sequencing cases in the study. 
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Figure 22 investigates the effect of varying well spacing on the economics of the field. Each case consists of two wells with a 
varying well spacing between them. The costs involved in this comparison analysis are therefore constant – the change in cash 
flow is due to the change in production rates as the well spacing varies between the cases. This is a high-level comparison to 
illustrate how well spacing does affect production, since in a real shale field, multiple wells would be drilled and an 
interference effect would be present on both sides of the well rather than simply between a pair of wells.  
 
Limitations: The economic analysis performed above is a high-level analysis involving the comparison of certain cases that 
show notable differences. It does not include all the typical field development costs or the parameters used to calculate Net 
Present Value (NPV). Discount rates and taxes were not included to calculate NPV because the duration of production is only 
1 year. However, if longer analysis was carried out, calculating the NPV is a more rigorous technique.  
 
Summary and Conclusion 
This paper is a parametric study that analyses some of the existing and proposed techniques of hydraulic fracture stimulation. 
The aim is to find which parameters give an optimum economic field development.  
Geometric patterns of wells and fractures where shown to have the largest effect. Results from numerical simulation 
indicate that stress interference between fractures in the same well and in adjacent wells can be used to optimize production. 
Simulated microseismic maps showed that increasing the number of fractures in a length of wellbore may lead to inefficiencies 
from re-stimulating previously stimulated rock. Therefore, there is a non-linear increase in production with additional 
hydraulic fractures. Operationally, placing more fractures within the same space can lead to the inability to propagate 
fractures, this problem has prompted the design of fracture sequencing techniques.   
Fracture sequencing aims to minimise the detrimental effects of placing wells and fractures close together, and some 
attempt to take advantage of the interference between fractures and wells. The investigation displayed little difference between 
the alternate, zipper, and simultaneous fracturing techniques. However the modified zipper method appeared to have some 
benefit at very close well and fracture spacing, and behave differently at far well and fracture spacing. The modified zipper 
created the largest tensile stress interference region between the fracture tips (at close well and fracture spacing), leading to 
increased stimulated volume. Both the zipper and modified zipper are simplest to complete as they lack the need for two 
fracturing crews like the simultaneous technique, and are operationally proven unlike the alternate technique. 
 
1. The results demonstrate that well spacing does have an optimum distance 
2. The number of fractures within a fixed distance of wellbore is not directly proportional to production 
3. Fracture sequencing techniques have limited impact on stimulated reservoir volume, however they can produce better 
economic results through lower cost completions. 
4. Microseismic energy released is a good indicator of producible fluids, as permeability and porosity is a function of 
energy released. 
 
In practise, the most frequent treatments involve geometric patterns for well and fracture spacing, then completing wells with 
zipper fracturing. In the future, if reservoirs are to be exploited to their full potential, data from well logs should be used to 
decide on fracture spacing instead of geometric patterns. On the other hand, geometric patterns are a valid option for well 
spacing because of the benefits that can be seen with optimum spacing. Further investigations should be made on: 
1. How well spacing effects fracture propagation. 
2. The rheology of different fracture treatments. 
 
Nomenclature 
SRV Stimulated Rock Volume  m  Meter    2𝑎 Fracture Aperture 
NCF Net Cash Flow   DFN Discrete Fracture Network  𝐾𝑓 Fracture Permeability 
𝑁𝑃𝑉 Net Present Value  GPa Giga Pascals   𝑃𝑝𝑜𝑟𝑒 Pore Pressure 
MEP Microseismic Event Predictor mD MilliDarcy   nD nanoDarcy 
𝐾𝑔 Kilograms   𝑁 Newtons   𝜌 Density 
𝑔 Gravitational constant  𝑠 Seconds    𝜇 Viscosity 
𝜎 Change in Normal Stress  𝑤  Fracture Width   𝐸  Young’s Modulus 
𝑏 Fracture Spacing   𝐹(𝛿)  Probability Density Function 𝜖𝑖𝑗
𝑝
 Plastic Strain  
𝑘 Fisher Constant   𝛿  Angle from Fisher mean pole 𝑉𝐶 Characteristic Volume 
𝜏 Absolute Shear Stress  ∅ Internal Friction Angle  𝑆𝑖𝑗  Stiffness Matrix  
𝑐 Cohesive Strength  𝑀𝑖𝑗 Moment Tensor   𝑀𝑜 Seismic Moment 
𝑀𝑤 Moment Magnitude  𝐸𝑠 Radiated Microseismic Energy 
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Paper Title Authors Year Source Contribution 
Validity of Cubic Law 
for Fluid Flow in a 
Deformable Rock 
Fracture  
P.A. Witherspoon, 
J.S.Y. Wang, K. 
Iwai, and J.E. Gale 
1980 
American 
geophysical Union 
80W0685 
Using Cubic law:  
𝐾𝑓 = (2𝑏)
2𝜌𝑔/12𝜇 
Witherspoon et al. aimed to prove it’s validity. 
The results from his laboratory investigation on 
tension fracture on various rock samples 
showed that cubic law for fluid flow in a 
fracture, is valid. 
What is Stimulated 
Reservoir Volume 
(SRV)? 
M.J. Mayerhofer, 
E.P. Lolon, N.R. 
Warpinski, C.L. 
Cipoll, D. Walser, 
C.M. Rightmire 
2008 
Society of 
Petroleum 
Engineers Journal, 
119890 
This paper proposed the concept of Stimulated 
Reservoir Volume (SRV) to be used as a 
correlation parameter for well performance. It 
illustrates how the SRV can be estimated from 
microseismic measurements, then related back 
to the injected fluid volume required. 
A Moment Magnitude 
Scale 
T.C. Hanks and H. 
Kanamori 
1979 
Journal of 
Geophysical 
Research: Solid 
Earth Vol 84(B5) 
Developed the concept of Moment Magnitude, 
a scalar value that can describe the strength of a 
seismic event. Where Moment Magnitude is 
given by: 
𝑀𝑤 =
2
3
log10(𝑀𝑜) − 10.7 
Optimizing fracture 
spacing and 
sequencing in 
horizontal well 
fracturing 
N.P. Roussel and 
M.M. Sharma 
2011 
Society of 
Petroleum 
Engineers Journal, 
90051 
Using Generated Stress Contrast: 
𝐺𝑆𝐶 = ∆𝑆𝐼 − ∆𝑆𝐼𝐼 = ∆𝑆𝑥𝑥 − ∆𝑆𝑦𝑦 
The paper assessed various fracture sequencing 
techniques and developed a new technique 
called the ‘alternate’ fracturing sequence. 
Programming the 
Finite Element 
Method 
I. M. Smith and D. 
V. Griffiths 
2004 (4th 
Edition) 
Wiley 
Viscoplasticity method allows materials to 
sustain stresses outside the failure criterion for 
finite ‘Periods’. Where the overshoot of the 
failure criterion is signified by ‘F’. Which 
forms a part of the Viscoplastic strain equation.  
𝜀𝑣𝑝 = 𝐹 {
𝜕𝑄
𝜕𝜎
} 
A hydraulic process 
for increasing the 
productivity of wells 
J. B. Clark 1949 
Society of 
Petroleum 
Engineers Journal, 
2510 
Is the first to perform hydraulic fracturing to 
improve well productivity. Describes the new 
innovation ‘Hydrafrac’ technique, kicking off 
the hydraulic fracturing process. 
Acoustic Emissions as 
a Tool for Hydraulic 
Fracture Location: 
Experience at the 
Fenton Hill Hot Dry 
Rock Site 
J.N. Albright and 
C.F. Pearson 
1982 
Society of 
Petroleum 
Engineers Journal, 
9509 
The first to describe a technique for using the 
location of very small microearthquakes that 
accompany hydraulic fracture stimulation to 
locate the hydraulic fractures. 
Microseismic 
Logging: A New 
Hydraulic Fracture 
Diagnostic Method 
K.D. Mahrer 1993 
Society of 
Petroleum 
Engineers Journal, 
21834 
By taking microseismic measurements from 
cased treatment wells, Mahrer analyzed the 
results to find fracture azimuth and the size of 
the fractured region. 
The importance of 
slow slip on faults 
during hydraulic 
fracturing stimulation 
of shale gas reservoirs 
M. D. Zoback, A 
Kohli, I. Das, and 
M. McClure 
2012 
Society of 
Petroleum 
Engineers Journal, 
155476 
Using several lines of evidence, they show that 
aseismic slow slip on pre-existing fractures is 
an important factor that contributes to 
production from hydraulically fractured shale 
reservoirs. 
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Optimizing Horizontal 
Completion 
Techniques in the 
Barnett Shale Using 
Microseismic Fracture 
Mapping 
M. K. Fisher, J. R. 
Heinze, C. D. 
Harris, B. M. 
Davidson, C. A. 
Wright, K. P. Dunn 
2004 
Society of 
Petroleum 
Engineers Journal, 
90051 
The first to analyze the stress shadow effect on 
microseismic mapping results from hydraulic 
fracture treatment. The pilot study showed the 
effect of varying certain completion design 
parameters. 
3D Reservoir 
Geomechanical 
Modeling in Oil/Gas 
Field Production 
N. Koutsabeloulis 
and X. Zhang 
2009 
Society of 
Petroleum 
Engineers Journal, 
155476 
To examine the role of geomechanics on 
reservoir fluid flow. In order to prove that the 
fluid behavior is influenced by the deformation 
within the reservoir and vice versa the stresses 
within the rock are influence by fluid depletion. 
As such the two simulations should be coupled. 
 
 
 
 
Publisher: American geophysical Union 80W0685 
Title : Validity of Cubic Law for Fluid Flow in a Deformable Rock Fracture 
Authors: P.A. Witherspoon, J.S.Y. Wang, K. Iwai, and J.E. Gale 
Year: 1980 
Contribution: 
Using Cubic law (first proposed by Boussinesq (1868), Witherspoon et al. aimed to prove it’s validity. The results from his 
laboratory investigation on tension fracture on various rock samples showed that cubic law for fluid flow in a fracture, is 
valid. The study gave a comprehensive review of the previous literature on the topic to further confirm the law. 
Objective of the paper: 
Validate cubic law for fluid flow and answer the question, does cubic law apply when fracture surfaces have some degree of 
contact or when asperities block the flow path. 
Methodology used: 
After reviewing the historic and state-of-the-art literature, they carried out an experimental investigation and compared 
results. Their experiments consisted of generating tension fracture that were artificially induced in homogeneous samples of 
granite, basalt, and marble. They then used various tools to measure the apertures of the fractures and the ease of fluid flow 
through them. 
Conclusions: 
Cubic law is valid for fluid flow through fractures. If the fracture surfaces are deviated from parallel to each other (breaking 
the ideal parallel plate concept), the law requires an ‘f’ factor. If asperities exist between the fracture surfaces the law 
requires slight modification. 
Where ideal cubic law is given by: 
𝐾𝑓 = (2𝑏)
2𝜌𝑔/12𝜇 
 Where 𝐾𝑓 is the fracture permeability (md), 2𝑏 is the aperture width (𝑚), 𝜌 is the fluid density (𝑘𝑔/𝑚
3), 𝑔 is acceleration 
of gravity (𝑚/𝑠2), 𝜇 is fluid viscosity (𝑁𝑠/𝑚2). 
Comments:  
The cubic law equation was used to update post-stimulation permeability in the discrete natural fracture network. 
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Publisher: SPE 119890 
Title : What is Stimulated Reservoir Volume (SRV)? 
Authors: M.J. Mayerhofer, E.P. Lolon, N.R. Warpinski, C.L. Cipoll, D. Walser, C.M. Rightmire 
Year: 2008 
Contribution: 
This paper proposed the concept of Stimulated Reservoir Volume (SRV) to be used as a correlation parameter for well 
performance. It illustrates how the SRV can be estimated from microseismic measurements, then related back to the injected 
fluid volume required. 
Objective of the paper: 
The aim of the paper was to develop a relationship between SRV and well performance. Drawing from analytical and field 
data, the study aimed to quantify the change in SRV with the variation in a number of field development parameters. 
Methodology used: 
The study uses both simulated production data and compares this to actual field measurements. In both cases they would 
compare the SRV to production and link this to the completions strategies used on that well. 
Conclusions: 
They drew useful conclusions about which field development parameters affect the well performance most. The size of the 
SRV, along with the Fracture spacing and well placement were the three most significant factors to well performance. They 
found the completion strategy should balance the creation of a large SRV, with the maximum fracture density, leading to the 
suggestion that one should minimize fracture spacing. 
Comments: 
SRV was used as one of the weighting factors for potential well performance, it was also shown to be useful in indicating 
required volumes of fracture fluid required during treatment. 
 
Publisher: Journal of Geophysical Research: Solid Earth Vol 84(B5) 
Title : A Moment Magnitude Scale 
Authors: T.C. Hanks and H. Kanamori 
Year: 1979 
Contribution: 
Developed the concept of Moment Magnitude, a scalar value that can describe the strength of a seismic event. Where 
Moment Magnitude is given by: 
𝑀𝑤 =
2
3
log10(𝑀𝑜) − 10.7 
Objective of the paper: 
Proposed a more robust measure of the strength of an earthquake or microearthquake than previous methods.  
Methodology used: 
Where most earthquake magnitude scales (local, surface wave and body wave magnitudes) are in principal unbounded from 
above. Hanks and Kanamori show how these parameters are in fact bounded. They then go on to develop existing 
empirically defined relationships of earthquake magnitude. 
Conclusions: 
The moment magnitude addresses the shortcomings of the Richter scale while maintaining consistency. 
Comments: 
The Moment Magnitude is uniformly valid for a range of earthquake magnitude scales. 
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Publisher: SPE 90051 
Title : Optimizing fracture spacing and sequencing in horizontal well fracturing 
Authors: N.P. Roussel and M.M. Sharma 
Year: 2011 
Contribution: 
First to propose the ‘Alternative’ well fracturing sequence. 
Objective of the paper: 
The key aim of the paper was to create a rigorous method of finding minimum fracture spacing. Through the study, a new 
target emerged, to form a technique to reduce the minimum fracture spacing.   
Methodology used: 
Firstly they defined the minimum fracture spacing as “the distance between the fracture and the end of the stress-reversal 
region”. The study then assessed the effect of fracture geometry and the mechanical properties of the intact rock, for single 
fractures using numerical modeling. They compared these effects by finding the stress contrast that is generated by the 
opening of fractures, where, Generated Stress Contrast is given by: 
𝐺𝑆𝐶 = ∆𝑆𝐼 − ∆𝑆𝐼𝐼 = ∆𝑆𝑥𝑥 − ∆𝑆𝑦𝑦  
Further in the study, they analyze the interference between multiple closely spaced fractures in horizontal wells. They 
attempted to reduce the interference by modeling two fracture sequencing techniques, the ‘Consecutive’ fracturing technique 
and ‘Alternative’ fracturing technique. As shown in Figure 23. 
 
Figure 23 – Consecutive and Alternative fracturing techniques 
Conclusions: 
Roussel and Sharma conclude that the ‘Alternative’ fracturing technique could decrease the minimum fracture spacing if it 
was operationally possible. 
Comments: 
This paper provided the idea of including the ‘Alternative’ fracturing technique in the study. 
 
Publisher: Wiley 
Title : Programming the Finite Element Method 
Authors: I. M. Smith and D. V. Griffiths 
Year: 2004 (4
th
 Edition) 
Contribution: 
Originally one of the first publications that links mechanical and fluid flow equations to finite element code in an easy to 
understand manor. It is especially useful for understanding the Visco-plasticity method first described by Zienkiewicz and 
Cormeau, 1974. 
Objective of the paper: 
Devote attention not only to the principles of the finite element method, but to the practical construction of the code itself. It 
aims to inform the reader of the range of equations used in contemporary solid mechanics simulation package. 
Methodology used: 
It describes the stress-strain behavior of non-linear material and the methods of generating body loads with visco-plasticity. 
Conclusions: 
Visco-plasticity method allows materials to sustain stresses outside the failure criterion for finite ‘Periods’. Where the 
overshoot of the failure criterion is signified by ‘F’. Which forms a part of the Visco-plastic strain equation.  
𝜀𝑣𝑝 = 𝐹 {
𝜕𝑄
𝜕𝜎
} 
Where F is the yield function and Q is the plastic potential function. 
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Publisher: SPE 2510 
Title : A hydraulic process for increasing the productivity of wells 
Authors: J. B. Clark 
Year: 1949 
Contribution: 
Inventor of the hydraulic fracturing method 
Objective of the paper: 
Describe the new innovation ‘Hydrafrac’ technique for improving well productivity. 
Methodology used: 
In the paper, Clark outlines the development process in forming the ‘Hydrafrac’, and the steps in performing the treatment 
itself. 
Conclusions: 
After creating a hydraulic fracture through over pressuring the reservoir, to achieve improved production one must inject a 
viscous liquid containing a granular material, such as sand for a propping agent, under high hydraulic pressure to fracture the 
formation causing the viscous liquid to change from a high to a low viscosity so that it may be readily displaced from the 
formation. 
Comments: 
This is useful to gain an understanding of the operations behind hydraulic fracturing. 
 
 
Publisher: SPE 9509 
Title : Acoustic Emissions as a Tool for Hydraulic Fracture Location: Experience at the Fenton Hill Hot 
Dry Rock Site 
Authors: J.N. Albright and C.F. Pearson 
Year: 1982 
Contribution: 
The first to describe a technique for using the location of very small microearthquakes that accompany hydraulic fracture 
stimulation to locate the hydraulic fractures. 
Objective of the paper: 
Prove that the azimuth and location of hydraulic fractures can be found from microseismic measurements. Additionally, to 
show that smaller fractures created from shear rather than tensile failure. 
Methodology used: 
Using microseismic data from two massive hydraulic fracturing experiments and one flow test in low permeability rock, 
their method was aimed to define how to find certain fracture properties such as length propagated.  
Conclusions: 
Because the amplitude of S waves were on average 11 times greater than the P waves, the microseismic events are likely 
caused by shear failure on the joints that intersect the main tensile fracture. The fracture azimuth can be found by inspection 
of the p wave propagation direction. 
Comments: 
The paper showed that the measured microseismic events were from shear failures. This assisted in quality controlling the 
simulated microseismic events, because any events that did not exhibit shear strain could be discounted. 
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Publisher: SPE 21834 
Title : Microseismic Logging: A New Hydraulic Fracture Diagnostic Method 
Authors: K.D. Mahrer 
Year: 1993 
Contribution: 
Developing the new method of interpreting microseismic logs, which enabled far better measurements of the reservoirs 
reaction during hydraulic fracturing. By taking microseismic measurements from cased treatment wells, Mahrer analyzed 
the results to find fracture azimuth and the size of the fractured region. 
Objective of the paper: 
To innovate the existing concept of microseismic logging. Mahrer aimed to measure the size of the fractured region and the 
direction of fracture growth. 
Methodology used: 
Use signals from treatment wells to determine azimuth and the background motion to determine fracture height. The 
background motion is divided into two separate components: Average horizontal amplitude and average vertical amplitude. 
These are plotted and then analyzed to see where the points invert. 
Conclusions: 
The new method of determining the azimuth and height of the fracture zone produced by a hydraulic fracture treatment was 
developed, that used microseismic data collected from the treatment well. This is the only reliable method of its kind to date. 
Comments: 
The study helped to define how one judges the size of the fractured region after hydraulic fracture stimulation. 
 
 
Publisher: SPE 155476 
Title : The importance of slow slip on faults during hydraulic fracturing stimulation of shale gas reservoirs 
Authors: M. D. Zoback, A Kohli, I. Das, and M. McClure 
Year: 2012 
Contribution: 
Using several lines of evidence, they show that aseismic slow slip on pre-existing fractures is an important factor that 
contributes to production from hydraulically fractured shale reservoirs. 
Objective of the paper: 
To investigate the evidence of aseismic events and experimentally find the circumstances in which they might occur. The 
aseismic events were defined as slow slip events on pre-existing natural fractures during slickwater hydraulic fracture 
stimulation.  
Methodology used: 
After analyzing logs from the Barnett shale, they aimed to prove their hypothesis with physical evidence. Laboratory 
experiments were carried out to find whether under certain conditions shales slipped fast (thus causing microseismic events), 
or slipped slowly (causing aseismic events). With shales comprising of less than thirty percent clay, and some with more 
than 30 percent clay they found the frictional strengths of the materials. 
Conclusions: 
They argue that pervasive slow slip may be critical during hydraulic fracturing, and if that is the case, it is important to 
develop shale plays using analyzed well logs. They would argue, hydraulic fracturing with a pre-determined regularized 
spacing will not yield optimally efficient production. 
Comments: 
This paper argued against the concept of using geometrical patterns in shale field development, because of the idiosyncratic 
nature of each well. However, while it is shows there is a limitation of using microseismic clouds to forecast production, it 
does not consider the economic aspect of collecting and analyzing data for each well in a field.  
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Publisher: SPE 90051 
Title : Optimizing Horizontal Completion Techniques in the Barnett Shale Using Microseismic Fracture 
Mapping 
Authors: M. K. Fisher, J. R. Heinze, C. D. Harris, B. M. Davidson, C. A. Wright, K. P. Dunn 
Year: 2004 
Contribution: 
The first to analyze the stress shadow effect on microseismic mapping results from hydraulic fracture treatment.  
Objective of the paper: 
Investigate the fracture network areas obtained from various drilling and completions strategies, in order to find the most 
commercially successful strategy. Focusing on the Barnett Shale gas play, they aimed to mapping as a real-time aid for 
stimulation. 
Methodology used: 
A pilot study was carried out using microseismic fracture mapping to measure the effect of different hydraulic fracture 
stimulation treatments.  
Conclusions: 
The evidence showed that hydraulic fractures clearly interact with natural fracture systems, production data suggested 
horizontal wells will produce 2-3 times more hydrocarbons in the first 180 days. Most critically, within a fracture treatment 
stage,  1 or 2 perforation stages is preferred to 3 or more because of stress shadowing effects. 
Comments: 
Fisher provided useful discussions on the stress perturbation around hydraulic fractures and how this translates to stimulated 
volume. 
 
 
 
Publisher: SPE 155476 
Title : 3D Reservoir Geomechanical Modeling in Oil/Gas Field Production 
Authors: N. Koutsabeloulis and X. Zhang 
Year: 2009 
Contribution: 
The paper defines a method of rigorously setting up a coupled model of geomechanical and reservoir simulation.   
Objective of the paper: 
To examine the role of geomechanics on reservoir fluid flow. In order to prove that the fluid behavior is influenced by the 
deformation within the reservoir and vice versa the stresses within the rock are influence by fluid depletion. As such the two 
simulations should be coupled. 
 
Methodology used: 
Compare field data and simulation data, so that the initial hypothesis can be proven. 
Conclusions: 
Coupled geomechanical modeling allows one to assess: The initial stress state, stress and strain changed induced by 
production or injection, enable more accurate history matching. 
Comments: 
Koutsabeloulis’s study was carried out using the same software package used in this project. 
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Appendices 
Appendix 1: Geomechanical Model 
In parametric studies, it is important to keep everything constant apart from the variable being examined. It is for this reason, 
that the same simulation grid was used for investigating well and fracture spacing, and fracture sequencing. However, fracture 
pressure was not so intrinsically linked with the other geometric parameters, therefore a different grid was used. 
Two grids were formed for the study, the grid for the well and fracture spacing, and fracture sequencing was uniform, as 
shown in Figure 24. The grid used for fracture pressure had a logarithmic cell density, shown in Figure 24.  
The dimensions the uniform grid are 2000x2000 (m) with cells 10x10x100m. The logarithmic grid is 600x1200 (m) with cells 
logarithmically refined, the centre cell representing the hydraulic fracture is 0.05m wide.  
The dimensions of the hydraulic fractures are also kept constant throughout the study, with fracture length of 200m, fracture 
height 100m, fracture width 10m, with an applied pressure of 250 bar throughout the fracture. 
 
 
Figure 24 – Uniform and Logarithmic grids respectively 
To initialize the stress in the reservoir, edgeloads were applied to the grid to mimic the overburden, sideburden and 
underburden. Figure 25 displays a diagram of how these loads are applied. On top of the reservoir, the overburden is 
represented with an applied load of 100bar (this matches the lithostatic pressure of 0.1bar/m). The sideburdens act as a lateral 
constraint on displacement although they allow some compression with uncontrained vertical movement. The underburden is 
completely constrained preventing movement laterally or vertically. 
 
 
 
 
  
Reservoir 
Figure 25 – Geomechanical model edge loads 
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Equation 14 
 
Equation 16 
 
Equation 17 
 
Equation 18 
Appendix 2: Theory behind Geomechanical finite element simulator 
 
The finite element simulator initialises the in-situ stress using a visco-elastic model. The key inputs are the load vector, which 
is derived from the depth of any particular cell; the percentage of horizontal stress anisotropy; and the ratio of vertical to 
horizontal stress. The initial pore pressure is calculated using a ratio of 0.1 bar per meter depth. 
 
 
The simulator firstly calculates the stress tensor, below shows the Cauchy stress tensor matrix.  
𝜎 = [
𝜎𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧
𝜏𝑦𝑥 𝜎𝑦 𝜏𝑦𝑧
𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧
]     Equation 10 
 
𝜀 = [
𝜀𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧
𝜀𝑦𝑥 𝜀𝑦 𝜀𝑦𝑧
𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧
]                            Equation 11 
𝜎 = 𝐷 × 𝜀            Equation 12 
𝑢 = [
𝑢(𝑥, 𝑦, 𝑧)
𝑣(𝑥, 𝑦, 𝑧)
𝑤(𝑥, 𝑦, 𝑧)
]                Equation 12 
Within a geomechanical grid, the stresses and strains are calculated using finite element methods. Assuming a state of plane 
stress in three dimensions, the equilibrium equations to be solved are the following. 
 
𝜕𝜎𝑥
𝜕𝑥
+
𝜕𝜏𝑥𝑦
𝜕𝑦
+
𝜕𝜏𝑥𝑧
𝜕𝑧
+ 𝜌𝐹𝑥 = 0 
𝜕𝜏𝑦𝑥
𝜕𝑥
+
𝜕𝜎𝑦
𝜕𝑦
+
𝜕𝜏𝑦𝑧
𝜕𝑧
+ 𝜌𝐹𝑦 = 0 
𝜕𝜏𝑧𝑥
𝜕𝑥
+
𝜕𝜏𝑧𝑦
𝜕𝑦
+
𝜕𝜎𝑧
𝜕𝑧
+ 𝜌𝐹𝑧 = 0 
 
Where 𝜎𝑥, 𝜎𝑦 and 𝜏𝑥𝑦 are the only non-zero stress components, which form the Stiffness matrix in derivative form. 𝐹𝑥, 𝐹𝑦 are 
the Load vectors (Force/Volume). 
Matrices are then formed to calculate the strains and displacements.  
Where E is the Young’s modulus, 𝜈 is the Poisson’s ratio, and 𝜖𝑥, 𝜖𝑦 and 𝛾 are the independent strain components. 
𝜀𝑥 =
𝜕𝑢
𝜕𝑥
 ;  𝜀𝑦 =
𝜕𝑣
𝜕𝑦
 ;  𝜀𝑥 =
𝜕𝑤
𝜕𝑧
 
𝛾𝑥𝑦 =
𝜕𝑣
𝜕𝑥
+
𝜕𝑢
𝜕𝑦
; 𝛾𝑦𝑧 =
𝜕𝑤
𝜕𝑦
+
𝜕𝑣
𝜕𝑧
; 𝛾𝑧𝑥 =
𝜕𝑢
𝜕𝑧
+
𝜕𝑤
𝜕𝑥
 
 
Appendix 3: Discontinuity modelling 
The rock mass is in the model is considered to consist of rock material intersected by sets of planar discontinuities. In order to 
model the permanent deformation of these fractures, they must have nonlinear behavior. The nonlinear behavior of the rock 
mass is modeled by multi-laminate theory. The theory describes the amount of sliding and opening along a discontinuity plane.  
 Each set of discontinuity planes is modeled within the framework of visco-plastic rock. It is given strength parameters 
incorporated within a failure criterion, and then the stresses acting in each discontinuity plane is the same as the elastic matrix.   
A rheological model in Figure 26 describes the multi-laminate model for visco-plasticity, where there are n joint sets. 
 
Figure – 26 Rheological model for multi-laminate model 
 ∆𝜎 ∆𝜎 
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Figure 27 – Graph of Hooke’s law for different Young’s Modulus 
Figure 27 illustrates how the non-linear increase in normal stress as the fracture spacing reduces. 
Appendix 4: Theory behind MEP 
Figure 28 displays the workflow for the Microseismic Event Prediction algorithm: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expanding on the explanations of how the Moment tensor and Moment magnitude are calculated earlier in the main text. 
After calculating the Moment tensor, the Compliance matrix 𝐶𝑖𝑗 is formed. 
Firstly calculating the stiffness matrix: 
 𝐷𝑅𝑀 = [[𝐷𝐼]
−1 + 𝑆∗]−1      Equation 19 
Where DI is the compliance matrix for the intact rock, 𝑆∗ is the compliance matrix that represents the fault’s contribution to 
total compliance 𝐷𝑅𝑀
−1. 
𝑆∗ = ∑ 𝑆𝑖 =
𝑖=𝑁
𝑖=1 ∑ 𝑓𝑖𝑇𝑖𝑗
𝑖 𝑠𝑖(𝑇𝑖𝑗
𝑖 )
𝑇𝑖=𝑁
𝑖=1            Equation 20 
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Figure 28 – Flow diagram of the Microseismic Event Prediction algorithm 
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Where 𝑇𝑖𝑗
𝑖  is the transformation matrix for the ith fracture 
𝑇𝑖𝑗
𝑖 = [
𝜕𝜎′
𝜕𝜎
] =
(
 
 
 
 
 
 
 
 
𝜕𝜎′𝑛
𝜕𝜎𝑥𝑥
𝜕𝜎′𝑛
𝜕𝜎𝑦𝑦
𝜕𝜏′1
𝜕𝜎𝑥𝑥
𝜕𝜏′1
𝜕𝜎𝑦𝑦
𝜕𝜏′2
𝜕𝜎𝑥𝑥
𝜕𝜏′2
𝜕𝜎𝑦𝑦
𝜕𝜎′𝑛
𝜕𝜎𝑧𝑧
𝜕𝜎′𝑛
𝜕𝜎𝑥𝑦
𝜕𝜏′1
𝜕𝜎𝑧𝑧
𝜕𝜏′1
𝜕𝜎𝑥𝑦
𝜕𝜏′2
𝜕𝜎𝑧𝑧
𝜕𝜏′2
𝜕𝜎𝑥𝑦
𝜕𝜎′𝑛
𝜕𝜎𝑦𝑧
𝜕𝜎′𝑛
𝜕𝜎𝑧𝑥
𝜕𝜏′1
𝜕𝜎𝑦𝑧
𝜕𝜏′1
𝜕𝜎𝑧𝑥
𝜕𝜏′2
𝜕𝜎𝑦𝑧
𝜕𝜏′2
𝜕𝜎𝑧𝑥)
 
 
 
 
 
 
 
 
     Equation 21 
Once the compliance matrix is obtained, the moment tensor follows immediately according to every cell in the model. 
Using Voigt notation, Moment Tensor is given by: 
𝑀𝑖𝑗 = 𝑆𝑖𝑗∆𝜖𝑖𝑗
𝑝𝑉𝐶  
This then enables the Energy Released to be calculated as described in the main body of the report. 
Appendix 5: Theory behind Fracture Permeability and Production 
As the pre-existing fractures within the reservoir slip, their apertures expand and remain open because of plastic deformation 
or through proppant preventing closure. This increase in aperture can be used to calculate updated fracture permeability using 
Cubic law.  
𝐾𝑓 = (2𝑎)
2𝜌𝑔/12𝜇 
The fracture permeabilities calculated are orders of magnitude greater than the reservoir matrix, which is conceptually correct 
as they form relatively large flowpaths. However, the cubic law equation used does not account for asperities or deviations 
from parallel walls. 
 
The effect of asperities is shown in the diagrams in Figure 29. The in-situ fracture surfaces are typically heterogeneous with 
varying asperity height, resulting in tortuous flow paths. Once the surfaces shear, many of these asperities can be grinded 
down in brecciation, enabling fluids to flow easier between the surfaces. However, further shearing can cause the buildup of 
debris between surfaces and the interaction between large asperities. Stage 3 in Figure 26 illustrates how the flow path can 
become blocked by these two factors. 
 
 
 
 
 
 
 
 
In practise, permeabilities should be found with laboratory experiments. This would involve core analysis of the formation 
rock, using relative permeability tests. These tests could be coupled with mono-axial tests, enabling a correlation between 
strain and permeability to be formed. A hypothetical example of what this might look light is given in Figure 30. 
 
 
Figure 30 – Hypothetical graph of strain vs. permeability for fractures in shear-slip 
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Figure 29 – The effect of shear on fracture surfaces 
Stage 1 
Stage 2 
Stage 3 
28  Optimization of hydraulic fracture stimulation in field development 
 
P
re
-s
ti
m
u
la
ti
o
n
 
P
o
st
-s
ti
m
u
la
ti
o
n
 
Fixed rate and 
pressure applied 
Pressure 
difference 
calculated 
Following this the fracture permeabilities must be upscaled onto the original grid. Given the model is only 44000 grid cells a 
Flow-based method could be used. The Flow-based method uses a single phase, finite element simulator to calculate flow 
through each cell individual cell. This is done in each of the directions followed by back calculating permeability. The back 
calculation is done using Darcy’s law. Iwai (1976) proved, for a given aperture, rate was observed to be proportional to 
hydraulic head, under experimental conditions. Hence showing Darcy’s law holds for this situation. Figure 31 shows a 
diagram of the process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coupled reservoir model 
The reservoir fluid simulator calculates the temperatures, pressure and flowrates of fluids within the reservoir. The inputs its 
requires from the geomechanics simulator are porosity and permeability. Other inputs such as the fluid model and relative 
permeability are also required. The values for these have been taken from previous studies of shale reservoirs, as shown in 
Figure 32. 
 
 
 
Figure 32 – Relative permeability for water and gas 
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Figure 31 – Permeability upscaling diagram 
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Appendix 6: Economics 
 SIMULTANEOUS ZIPPER 
 250 125 62 250 125 62 
Drilling $ $ $ $ $ $ 
No of days to drill two wells 20 20 20 20 20 20 
       
Set up costs 215,000 215,000 215,000 215,000 215,000 215,000 
Rig cost 400000 400000 400000 400000 400000 400000 
Fluids Chemicals Transportation Fuel 154286 154286 154286 154286 154286 154286 
Services and Rental 308571 308571 308571 308571 308571 308571 
Bits, Expendable Equipment 34286 34286 34286 34286 34286 34286 
Labour, engineering 40000 40000 40000 40000 40000 40000 
Casing 108571 108571 108571 108571 108571 108571 
Contingencies 137143 137143 137143 137143 137143 137143 
Plugging and abandonment 100000 100000 100000 100000 100000 100000 
       
Completion       
Number of fractures in two wells 8 14 26 8 14 26 
No of days to fracture two wells 1.33333333 2.333333 4.3333333 0.666667 1.166667 2.166667 
Set up 35000 35000 35000 35000 35000 35000 
Rig & Daywork 30666.6667 53666.67 99666.667 15333.33 26833.33 49833.33 
Fluids, Chemicals, Transportation 17600 30800 57200 8800 15400 28600 
Services and Rental 55466.6667 97066.67 180266.67 27733.33 48533.33 90133.33 
Fracking Costs 736000 1288000 2392000 368000 644000 1196000 
Expendable equipment & misc 5066.66667 8866.667 16466.667 2533.333 4433.333 8233.333 
Casing  114666.667 200666.7 372666.67 57333.33 100333.3 186333.3 
Contingencies 86666.6667 151666.7 281666.67 43333.33 75833.33 140833.3 
       
TOTAL 2,578,990 3,363,590 4,932,790 2,055,924 2,448,224 3,232,824 
Table 1 – Capital Expenditure costing (Based on typical Eagle Ford well costs from Schlumberger) 
ZIPPER 600 250 
Time CAPEX Rates Revenue Cash Flow  Cumulative 
Month CAPEX 
cost 
OIL Rate GAS Rate OIL 
Revenue 
GAS 
Revenue 
Total 
Revenue 
Cash Flow  Cash Flow  
Month $ Mil Bbl 1000cf $ Mil $ Mil $ Mil $ Mil $ Mil 
1 2.1 24030.74 32774.67 2.16 0.16 2.32 0.26 0.26 
2  6053.43 11343.24 0.54 0.05 0.60 0.60 0.86 
3  2055.25 4583.19 0.18 0.02 0.21 0.21 1.07 
4  1049.90 1162.46 0.09 0.01 0.10 0.10 1.17 
5  829.08 525.79 0.07 0.00 0.08 0.08 1.25 
6  714.56 280.54 0.06 0.00 0.07 0.07 1.31 
7  790.95 423.18 0.07 0.00 0.07 0.07 1.39 
8  512.35 1068.95 0.05 0.01 0.05 0.05 1.44 
9  412.38 1877.56 0.04 0.01 0.05 0.05 1.48 
10  142.96 814.58 0.01 0.00 0.02 0.02 1.50 
11  51.16 314.39 0.00 0.00 0.01 0.01 1.51 
12  20.79 132.59 0.00 0.00 0.00 0.00 1.51 
Table 2 – One year Cash flow forecast 
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Appendix 7: Geomechanical model input parameters 
 
Horizontal stress 
gradient 
0.7 bar/m 
Horizontal stress 
anisotropy 
7 Percent 
Minimum horizontal 
stress azimuth 
0  Degrees to 
wellbore 
Table 3 – Horizontal stress initialization 
Fracture normal stiffness 40000 bar/m 
Fracture shear stiffness 15000 bar/m 
Cohesion 0.01 bar 
Friction angle 25 deg 
Dilation angle 10 deg 
Tensile strength 0.01 bar 
Fracture spacing 5 m 
Initial opening 0  
Table 4 – Mechanical properties of natural fractures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5 – Mechanical properties of intact rock 
Geometry 
Aspect ratio 2 
Length distribution Power 
Maximum length 100m 
Orientation 
Method Fisher model 
Mean dip 85 degrees 
Mean dip azimuth 0 degrees 
Aperture 
Method Log-normal 
Mean width 0.000075m 
Maximum width 0.005m 
Table 6 – Design of natural fracture network 
 
Figure 33 – Fracture spacing 62.5m, 125m, and 250m respectively, then well spacing of 250 to 700m 
Young's Modulus 36 GPa 
Poisson's Ratio 0.3  
Bulk Density 2.304 g/cm3 
Biot Elastic Constant 1  
Linear Thermal Expansion 
Coefficient 
0.000013 1/K 
Porosity 0.3 m3/m3 
